Background: Miniature inverted-repeat transposable elements (MITEs) are expected to play important roles in evolution of genes and genome in plants, especially in the highly duplicated plant genomes. Various MITE families and their roles in plants have been characterized. However, there have been fewer studies of MITE families and their potential roles in evolution of the recently triplicated Brassica genome. Results: We identified a new MITE family, BRAMI-1, belonging to the Stowaway super-family in the Brassica genome. In silico mapping revealed that 697 members are dispersed throughout the euchromatic regions of the B. rapa pseudo-chromosomes. Among them, 548 members (78.6%) are located in gene-rich regions, less than 3 kb from genes. In addition, we identified 516 and 15 members in the 470 Mb and 15 Mb genomic shotgun sequences currently available for B. oleracea and B. napus, respectively. The resulting estimated copy numbers for the entire genomes were 1440, 1464 and 2490 in B. rapa, B. oleracea and B. napus, respectively. Concurrently, only 70 members of the related Arabidopsis ATTIRTA-1 MITE family were identified in the Arabidopsis genome. Phylogenetic analysis revealed that BRAMI-1 elements proliferated in the Brassica genus after divergence from the Arabidopsis lineage. MITE insertion polymorphism (MIP) was inspected for 50 BRAMI-1 members, revealing high levels of insertion polymorphism between and within species of Brassica that clarify BRAMI-1 activation periods up to the present. Comparative analysis of the 71 genes harbouring the BRAMI-1 elements with their non-insertion paralogs (NIPs) showed that the BRAMI-1 insertions mainly reside in non-coding sequences and that the expression levels of genes with the elements differ from those of their NIPs.
Background
The large-scale sequencing of eukaryotic genomes has revealed that transposable elements (TEs) are present ubiquitously and occupy large fractions of genomes: 5% in yeast, 35% in rice, 45% in human, and up to 85% in maize [1] [2] [3] [4] [5] [6] [7] [8] [9] . TEs are classified into two classes based on their transposition mechanism. Class I mobile genetic elements, or retrotransposons, are replicated through RNA intermediates by a copy-and-paste mechanism, whereas Class II mobile genetic elements, or DNA transposons, move directly from DNA via a cut-and-paste mechanism [1, 2, 10] .
Miniature inverted-repeat transposable elements (MITEs) are Class II DNA transposons that are nonautonomous, with defective or absent of coding genes. MITEs were identified in the maize genome [11] and later found in Arabidopsis, rice, grape, mosquito, fish, bacteria and human as well as in several other genomes [1, [12] [13] [14] [15] . Due to their extremely high copy numbers, MITEs can account for a significant fraction of a eukaryotic genome (i.e. >8% of the rice genome) even though the size of element itself is small [16] . Individual MITEs are usually less than 600 bp and A/T rich, with terminal inverted repeats (TIRs) and 2-11 bp target site duplication (TSD) sequences [1, 10] . MITEs, which are relatively stable in the genome, are often closely associated with genic regions and thus can affect gene expression patterns [16, 17] . Some MITEs are involved in upregulation of host genes by providing additional recognition sequences or polyA signals to host genes [14, 18, 19] . MITE insertion into regulatory regions may cause disruption or promotion of gene expression [18] . Recent studies have found that MITEs are also a source of small interfering RNA (siRNA) evolution and may play an important role in gene regulation and epigenetic mechanisms [16, [20] [21] [22] . MITE transposition into a new region of the genome causes insertion polymorphisms among accessions of same species that can be useful tools for development of various markers [23, 24] .
The Brassicaceae family includes 338 genera and 3700 species, which serve as sources of vegetable, fodder, condiments and oil, with wide range of morphologies, such as Chinese cabbage, mustard, cabbage, broccoli, oilseed rape, and other leafy vegetables. The model plant, Arabidopsis thaliana is a close relative of the Brassica species and belongs to the same family. As a model Brassica crop, the B. rapa genome sequence spanning 256 Mb euchromatin chromosome spaces was completed recently and released to the public [25] .
Comparative analysis of Brassica species with A. thaliana has revealed up to two additional rounds of recent genome duplication: one triplication and one allopolyploidization that is the major factor responsible for the increased genome size of Brassica [25] [26] [27] . In addition, TEs also contribute to increase the genome size of the Brassica species and to genome evolution [28] . The completed genome sequence of B. rapa revealed that at least 39.5% of the genome contains TEs [25] .
In this study, we identified a new MITE named Brassica rapa MITE (BRAMI)-1, which is present in more than 1400 copies in the genome of each of three Brassica species. We inspected its characteristics and distribution and inferred its potential involvement in the evolution of duplicated genes in the highly replicated Brassica genome. We also discovered high amounts of insertion polymorphism inter-and intra-species, which can serve a good source of genetic markers in the Brassica species.
Results

Characterization of BRAMI-1 in Brassica
We identified a 260 bp MITE in the Brassica rapa BAC clone, KBrB059A03 using MUST, a de novo program for MITE identification, and additional manual inspection. MITE characterization on B. rapa contig (KBrB059A03) using MUST yielded 291 candidate MITEs and further careful manual inspection of each candidate MITE for TIR and TSD using self-BLAST (http://blast.ncbi. nlm.nih.gov/) led to the identification of BRAMI-1.
Comparison of BRAMI−1 against the repeat database (www.girinst.org/) showed 77% similarity to a reported Stowaway MITE, ATTIRTA-1 in A. thaliana [29] . Perfect MITE insertion was confirmed by comparing one of the representative B. rapa genes (Bra013859) harboring a BRAMI-1 insertion with the related empty sites in its non-insertion paralogs (NIPs) (Bra010475 and Bra019193) from B. rapa syntenic blocks and its ortholog (At4g25050) in A. thaliana (Figure 1a, b) . The MITE included 33 bp of highly conserved A/T rich (>69%) TIRs and was flanked with a unique dinucleotide TA target site duplication (TSD), which are distinct characteristics of the Stowaway super-family MITEs (Figure 1b, c) . The secondary structure of the MITE was predicted using mfold (Figure 1d ), which showed a potential DNA hairpin-like secondary structure.
BLASTn searches revealed a total of 697 BRAMI-1 elements in the 256 Mb B. rapa genome sequence. In silico mapping of these elements on the B. rapa pseudochromosomes showed that they were evenly distributed in the euchromatin regions of the B. rapa genome (Figure 2 ). The physical positions of the 697 BRAMI-1 elements in the B. rapa genome are listed in Additional file 1. On average, 70 BRAMI-1 elements were found on each pseudo-chromosome. MITE density analysis (chromosome size/no. of MITEs per chromosome) shows chromosome 3 (31.72 Mb), which is the second largest in size, has the high MITE density (MITE/ 0.28 Mb), while the largest chromosome 9 (37.12 Mb) had the less MITE density (MITE/0.44 Mb).
We found 516 and 15 copies in 470 Mb of B. oleracea and 15 Mb of B. napus shotgun sequences, respectively. Based on this, the total numbers of the BRAMI-1 MITE members were estimated as 1440, 1464 and 2490 in the whole genomes of B. rapa, B. oleracea and B. napus, respectively (Table 1) . By contrast, in A. thaliana we found only 70 copies of ATTIRTA-1, the closest Arabidopsis relative of BRAMI-1. Simple comparison revealed that the copy numbers of these MITEs in Brassica genomes are 20-35 times more than that of Arabidopsis.
Phylogenetic analysis of the BRAMI-1 elements
Phylogenetic analysis was conducted for 528 nearly intact MITE members that have >80% similarity to BRAMI-1: 401 members from B. rapa, 123 from B. oleracea, and four from B. napus. In addition, 34 ATTIRTA-1 members from A. thaliana were included. The ATTIRTA-1 members formed a separate clade from the Brassica members, and they were very diverse among themselves. By contrast, BRAMI-1 members from the three Brassica species were highly conserved and were interspersed with each other (Figure 3 ) indicating they were rapidly amplified in the Brassica genome after divergence from Arabidopsis. Due to their high sequence similarity, we could not distinguish any separate clades for the BRAMI-1 family members in the Brassica species.
BRAMI-1 insertion in genic regions of the B. rapa genome
We inspected the insertion sites of the 697 BRAMI-1 elements in the B. rapa genome using the annotated B. rapa genome database [31] . The analysis showed that 548 members (78.6%) were located in gene-rich regions, less than 3 kb from genes. Among them, 71 (10.2%) were inside the gene structure, specifically in introns, and 281 (40.3%) were within less than 1 kb of a gene ( Table 2) .
We closely inspected the 71 genic insertions by comparing with their NIPs from triplicated chromosomal blocks. Similar numbers of insertions were identified in tri-, di-, and mono-copy genes (20, 26 , and 24 insertions, respectively; Table 3) indicating that multi-copy genes did not preferentially contain BRAMI-1 insertions. Comparison of genes containing the BRAMI-1 insertion and their NIPs genes in the triplicated blocks revealed that all of the elements resided in intronic regions.
For example, Bra024324 gene was annotated as having 13 exons and included the BRAMI-1 insertion in the 7 th intron. Its two NIPs (Bra031904, Bra037793) and its Arabidopsis ortholog (At5g64740, CELLULOSE SYNTHASE 6) have similar structures in which the exonic regions share conserved sequences with Bra024324 ( Figure 4a ). Another gene, Bra010574, which has the BRAMI-1 insertion in 5 th intron, showed conserved CDS sequences without any change of gene structure compared to its NIPs (Bra011704) and its Arabidopsis ortholog 
Transcriptional changes of B. rapa genes containing BRAMI-1 insertions
Even though most of the BRAMI-1 insertions were found in introns or UTRs, some modification of gene expression might still be mediated by BRAMI-1. Therefore, we analyzed expression level changes by comparison to NIPs using a B. rapa microarray database. Among the 46 multicopy genes with BRAMI-1 insertions (20 tri-copy genes and 26 di-copy genes), only six were present along with their NIPs in the microarray database. Of the six genes with BRAMI-1 insertions, only Bra039627 showed similar expression to that of its NIPs, regardless of stress treatments. One gene, Bra024324, showed decreased expression and four genes, Bra027185, Bra039330, Bra034678, and Bra010574, showed increased expression compared to that of their NIPs ( Figure 5 ).
The expression of Bra024324, which contains a BRAMI-1 insertion, was severely decreased compared to that of its NIPs, Bra031904 and Bra037793, under normal conditions and also under the four stress treatment conditions, indicating that Bra024324 gene expression was maintained at a very low level even though the BRAMI-1 insertion did not affect exons ( Figure 5a ). By contrast, expression of Bra010574, with a BRAMI-1 insertion, was more than 3-fold higher than expression of its NIP Bra011704 under control and all four treatment conditions ( Figure 5b ).
Survey of MITE insertion polymorphisms (MIPs) and estimation of activation dates
To analyze BRAMI-1's transposition activity and insertion time, we designed 50 MIP primers, 25 for B. rapa Almost all of the primer pairs revealed polymorphisms (48 in 50 pairs; 96%) among seven accessions belonging to three Brassica species, indicating that the BRAMI-1 members have been continuously activated during diversification of the Brassica genome. Moreover, there was high polymorphism within species, with seven (14%), six (12%), and ten (20%) polymorphisms among two accessions of B. napus, two accessions of B. rapa, and three accessions of B. oleracea, respectively. We grouped the 50 MIPs into three different groups: Bs (common to both species), Br (B. rapa-unique), and Bo (B. oleracea-unique), to deduce the tentative insertion times (Figure 6a ). The Br and Bo MIPs were further classified into two subgroups, -I and -II, based on the presence or absence of the insertion in their allopolyploid species B. napus. Among the 25 B. rapa MIPs, 3, 17, and 5 were Bs, Br-I, and Br-II type insertions, respectively, and among the 25 B. oleracea MIPs, 6, 18, and 1 were Bs, Bo-I, and Bo-II types, respectively. Overall, 18% were shared in the Brassica genus, and 82% were species-unique insertions (Figure 6b ).
Phylogenetic analysis based on the 50 MIP profiles revealed four distinct clusters at the 0.30 genetic similarity coefficient level (Additional file 3). Arabidopsis was separated from Brassica accessions with a genetic similarity coefficient of 0.16. Three Brassica species each formed a distinct cluster with two or three accessions belonging to each species, corresponding well with the phylogeny of Brassica species. Each MIP reflects the insertion time at that genomic position and thus MIP-based genotyping and phylogenetic analysis will be a good tool for study of genetic diversity in the Brassica genus. We also confirmed that the MIPs are clearly distinguishable on agarose gels, heritable and reproducible, characteristics beneficial as DNA markers. A MIP between two B. oleracea accessions, Bo-19, segregated according to a normal Mendelian 1: 2: 1 ratio in a survey of 94 F 2 progeny of a cross between the two accessions (Additional file 4).
Discussion
Structure, distribution and evolution of BRAMI-1 in the B. rapa genome BRAMI-1 exhibits the basic characteristics of conventional Stowaway-like MITEs, which include small size, Figure 3 Phylogenetic tree of BRAMI-1 elements from Brassica species and ATTIRTA-1 from A. thaliana. Relatively intact MITE members showing 80% similarity to the characteristic MITE structure were used for the analysis. A total of 528 BRAMI-1 members including 401, 123, and 4 from B. rapa (red), B. oleracea (blue), and B. napus (black), respectively, and 34 ATTIRTA-1 members (green) were compared. Sequence alignment was conducted using ClustalW and then the phylogenetic tree was generated using the neighbor joining method with 500 bootstrap replicates.
TIRs, and TSDs, and also possesses a potential DNA hairpin-like secondary structure. BRAMI-1 elements have a highly conserved 33 bp TIR region that is rich in A + T nucleotides (>69%) and a 194 bp internal region. In plants, most MITEs are classified as either Touristlike or Stowaway-like. Tourist-like MITEs are regarded as deletion derivatives of full-length autonomous TEs, such as mPing derived from Pong and PIF [13, 32, 33] . The origin of Stowaway-like MITEs is unclear due to the lack of sufficient sequence similarity to known autonomous TEs [1, 34] . However, numerous Stowawaylike MITEs can be cross-mobilized by distantly related Mariner-like elements (MLEs) to generate high copy numbers [13, 35] . However, we could not identify the trans-acting autonomous element for the BRAMI-1 elements in this study.
Rapid amplification of BRAMI-1 elements in the Brassica genus
The genus Brassica is an excellent model plant to study polyploidization-mediated genome evolution because allotetraploid species like B. juncea, B. napus, and B. carinata evolved very recently from the three diploid species B. rapa, B. oleracea, and B. nigra, and even the diploid Brassica species have triplicated genome features that arose approximately 13 million years ago (MYA) [26, 27, 36] . The estimated copy numbers of the BRAMI-1 elements were similar in two closely related Brassica species: 1440 and 1464 in B. rapa and B. oleracea, respectively supporting that BRAMI-1 elements were actively amplified in both Brassica species [27, 36, 37] . This is the first MITE found to exhibit very high copy numbers in Brassica, although one medium copy number Brassica Stowaway MITE, named Brasto, was recently characterized [38] .
BRAMI-1 shares 77% similarity with the A. thaliana MITE ATTIRTA-1, suggesting that they evolved from a common ancestor of the Brassica and Arabidopsis lineage. Phylogenetic analysis revealed that ATTIRTA-1 and BRAMI-1 elements have clearly different evolutionary histories. The ATTIRTA-1 elements showed a high amount of variation even though their copy numbers were small compared to those of the BRAMI-1 members, indicating that the ATTIRTA-1 members were maintained in the Arabidopsis genome without further amplification after the split from the Brassica lineage 13-17 MYA [27, 36] . By contrast, members derived from B. rapa (red), B. oleracea (blue), and B. napus (black) are highly conserved and interrelated with each other, demonstrating that the members were actively amplified in the Brassica lineage after divergence from Arabidopsis ( Figure 3 ). This is consistent with a report showing highly active TE amplification in B. oleracea [28] . We assume that several transpositional bursts may have been responsible for the amplification of the BRAMI-1 members in the Brassica lineage [16, 39, 40] .
The putative role of BRAMI-1 in B. rapa genome evolution
There have been many reports of MITEs involved in the evolution of genes and genomes. MITEs are often inserted in genic regions such as promoter regions, UTRs, introns, or exons and can influence the expression of genes [1, 2, 16, 19, 34] . MITE insertion into the various functional regions of a gene can modify its transcriptional activity, cause silencing, and up-or down-regulation of gene expression [34, 41] . We found 697 BRAMI-1 elements were dispersed across the whole genome (Figure 2) . A total of 626 members (90%) were identified in 177 Mb of intergenic spaces and 71 members (10%) were identified in 79 Mb of gene spaces in the 256 Mb B. rapa pseudo chromosome sequences. Among the 697 elements, 548 members (78.6%) were located within 3 kb of genic regions and all the 71 copies found in genic regions were resided in introns. The 33 Mb intronic regions exhibited 65% A + T composition, which was much higher than that of 46 Mb exonic regions (54% A + T composition). This insertion target site preference for non-coding sequences of genic regions is similar to the insertion preference of mPing in rice, which is more often found in A + T rich noncoding sequence than in G + C rich exonic regions [19] .
We showed that BRAMI-1 insertion might be one of the causal forces for modification of gene expression. When we compared the expressions of several genes harboring BRAMI-1 within their genic regions with those of NIPs, most of the genes with BRAMI-1 insertions showed different expression patterns than their NIP counterparts ( Figure 5 ). Comparison of microsynteny between regions with BRAMI-1 insertions and their non-insertion homologous genes in B. rapa and A. thaliana showed relatively conserved coding sequences but more sequence variation in introns and UTRs, including from the BRAMI-1 insertions ( Figure 4 ). The observed changes in transcription levels might arise from BRAMI-1 insertions into intronic or UTR regions, similar to a recent report showing an enhancing effect of mPing near rice genes [19] . Further intensive study of whole transcriptome profiles will be necessary to address MITE effects on gene expression.
BRAMI-1 elements are active up to the present in Brassica genera
MIP patterns showing insertions specific to certain species or accessions elucidate the timing of insertion events. Among 50 MIPs, nine (18%) BRAMI-1 elements were found in both B. rapa and B. oleracea, indicating that they were inserted into the regions before B. rapa and B. oleracea diverged from each other 4 MYA [27, 36] . The other 41 (82%) were unique to one species or the other, indicating they were inserted after the divergence of the two lineages. Among the 41 speciesspecific members, six (8%) showed no insertion in B. napus (the allopolyploid product of B. rapa and B. oleracea) indicating that they inserted into each genome after allopolyplidization 0.01 MYA [36] (Figure 6 ). Some MIPs were found between accessions of same species, and the MIPs segregated normally in an F 2 population, opening a new window for MIP-based marker development for marker-assisted selection and [25, 31] . The triplicated chromosome blocks are classified as one least fractionized block (LF) and two moderately fractionized blocks (MF1, MF2). Genes with BRAMI-1 insertion in introns are denoted in bold and their NIPs are denoted in plain letters.
other breeding applications in Brassica crops. Overall, the MIPs revealed that BRAMI-1 elements were gradually inserted into the Brassica genome during various events and remained active up to the present.
Conclusions
We characterized a high copy Stowaway family MITE, named as BRAMI-1, in three Brassica crops and showed its putative role in the evolution of the highly duplicated Brassica genome based on comparative genomics analysis. MIP analysis revealed that the BRAMI-1 elements were dispersed into whole Brassica genome by gradual amplification. We also propose effective utilization of the elements as DNA markers for breeding and evolution of duplicated genes.
Methods
Identification and characterization of BRAMI-1
We analyzed a repeat-rich B. rapa BAC clone sequence, KBrB059A03 (AC189406), to find high copy repeat elements using MUST, a de novo program for MITE analysis, with the default parameters [42] . The BAC clone contained 139 kb of highly repetitive sequence. The structure of the TIRs was analyzed using weblogo [43] . The hypothetical DNA hairpin-like structure was predicted using the mfold application [44] . The new MITE was used as a query to retrieve its family members from a local database (http://imcrop.snu.ac.kr/) that includes 256 Mb of 10 pseudochromosome sequences from B. rapa, 425 Mb of B. oleracea shotgun sequences, 15 Mb of B. napus shotgun sequences, and the whole genome sequence of A. thaliana, using the approach suggested by Wicker et al. (2007) [10] . BLASTn with default parameters [45] and a threshold E-value of 1E -10 was employed to search for MITE family members. The insertion sites of 697 elements and their flanking regions were annotated using the B. rapa genome database [31] .
Estimation of copy number
The copy number of BRAMI-1 in the B. rapa genome (529 Mb) was estimated from the number of copies identified in 256 Mb of 10 pseudo-chromosome sequences from B. rapa [25] . The copy numbers in the B. oleracea and B. napus genomes were estimated by considering the hit numbers in the available genome shotgun sequences. A total of 425 Mb of B. oleracea sequences derived from 680,894 genome shotgun sequences with an average length of 700 bp [46] and 15 Mb of B. napus shotgun sequences derived from 52,099 genome shotgun sequences (GSS) with an average length of 700 bp were downloaded from GenBank (NCBI) and used as local databases. The copy numbers of BRAMI-1 in B. oleracea and B. napus were estimated using the previously reported formula [28] : [(1/genome coverage)/2] x number of hits {[1 + [(average GSS) -TIR length x2)/(average GSS length + TIR length x2)]}. Relatively intact copies with more than 80% coverage of the BRAMI-1 structure were collected from the three Brassica species for phylogenetic analysis. Multiple sequence alignment was conducted using ClustalW and phylogenetic analysis was performed based on the neighbor joining method in MEGA5 [47] . In A. thaliana, ATTIRTA-1 was the most closely related element to BRAMI-1, so it was included in the phylogenetic analysis. Tree topologies were evaluated using bootstrap analysis with 500 replicates for the neighborjoining method [47] .
Expression analysis of B. rapa genes with BRAM1-1 insertions We investigated expression modification of genes that had a MITE insertion inside of the gene structure by comparison with their syntenic paralogs using a 24 K microarray database (http://nabic.rda.go.kr) [48] . The microarray database represented ca. 24,000 unigenes generated from cDNA libraries of B. rapa ssp. pekinensis (inbred line 'Chiifu') and provided transcriptome profiling of changes induced by abiotic stress treatment. A given probe sequence and its ID in the microarray were searched using the coding sequence of the gene as a query. The perfect match (PM) values of probes were retrieved and processed to identify expression patterns, as described previously [48] .
MITE Insertion polymorphism (MIP)
To inspect insertion polymorphisms and thus infer activation times, we used seven Brassica accessions belonging to three species and A. thaliana ecotype Columbia (Table 4) . DNA was extracted from fresh leaf samples using the CTAB method [49] . In addition, a total of 94 F 2 progeny from a cross between B. oleracea accessions C1234 and C1184 were used for segregation pattern analysis of MIPs.
We designed 50 primer pairs, 25 using shotgun sequences of B. oleracea (Bo 1-25) and 25 using the B. rapa pseudo-chromosome sequences (Br 1-25) , from the flanking sequences of BRAM1-1 insertion sites using the Primer3 software program [50] (Additional file 2). PCR was conducted in 20 μL total volume containing 10 ng DNA, 10 pmol each primer, 250 μM dNTPs, and 1 unit Taq DNA polymerase (VIVAGEN, Republic of Korea).
PCR conditions were as follows: 5 min at 94°C, 38 cycles of 95°C for 30 sec, 56°C-62°C for 30 sec, and 72°C for 60 sec, with a final extension at 72°C for 5 min, using a MG96G thermo cycler (LongGene Scientific Instruments, China). PCR products were analyzed using 1% agarose gel electrophoresis and visualized on a UV trans-illuminator after ethidium bromide staining.
For MIP marker analysis, each band was scored as '1' or '0' for presence or absence, respectively. Jaccard's similarity coefficient and a dendrogram of the genetic relationship according to Unweighted Pair Group Method with Arithmetic Average (UPGMA) analysis were determined by the Table 1 . A, C, and AC represent the genomes of B. rapa, B, oleracea, and B. napus, respectively. AT indicates A. thaliana. M, molecular size marker. The presence or absence of an insertion is denoted by a black or gray arrowhead, respectively. (b) Estimated insertion timing for the five MIP groups during the evolution of Brassica species [27, 36, 37] .The number within the parentheses indicates the corresponding number of MITE members belonging to the particular group (based on the analysis in panel a). 
